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Gravitational waves from inspiraling compact objects provide us with information of the distance
scale since we can infer the absolute luminosity of the source from analysis of the wave form, which
is known as standard sirens. The first detection of the gravitational wave signal of the binary
black hole merger event by Advanced LIGO has opened up the possibility of utilizing standard
sirens as cosmological probe. In order to extract information of the distance-redshift relation, we
cross-correlate weak lensing, which is an unbiased tracer of matter distribution in the Universe,
with the projected number density of gravitational wave sources. For weak lensing, we employ
tomography technique to efficiently obtain information of large-scale structures at wide ranges of
redshifts. Making use of the cross-correlations along with the auto-correlations, we present forecast
of constraints on four cosmological parameters, i.e., Hubble parameter, matter density, the equation
of state parameter of dark energy, and the amplitude of matter fluctuation. To fully explore the
ability of cross-correlations, which require large overlapping sky coverage, we consider the specific
case with the upcoming surveys by Euclid for weak lensing and Einstein Telescope for standard
sirens. We show that cosmological parameters can be tightly constrained solely by these auto-
and cross-correlations of standard sirens and weak lensing. For example, the 1-σ error of Hubble
parameter is expected to be σ(H0) = 0.33 km s
−1 Mpc−1. Thus, the proposed statistics will be a
promising probe into the distance scale.
PACS numbers: 98.80.-k, 98.80.Es, 04.30.-w
I. INTRODUCTION
The first detection of gravitational wave (GW) sig-
nal from merging binary black holes (BH), GW150914,
by Advanced Laser Interferometer Gravitational Wave
Observatory (LIGO) provides us with the new probe
into cosmology and astrophysics [1, 2]. After four suc-
cessful detections of GW signals from black hole merg-
ers (GW151226 [3], GW170104 [4], GW170608 [5], and
GW170814 [6]), the first detection of the GW signal from
a neutron star (NS) binary is reported (GW170817) [7].
Aiming for detection of more sources and better localiza-
tion, several projects of interferometers have been pro-
posed; Advanced Virgo [8] has started observing run,
KAGRA [9] is on commissioning, and LIGO-India [10]
has been approved for construction.
Once this network is established, it enables us to search
the GW sources for the whole sky with high sensitiv-
ity. Furthermore, more telescopes both on ground and
in space, e.g., Einstein Telescope [11], Cosmic Explorer
[12], LISA [13, 14], and DECIGO [15], are planned to
achieve unprecedented measurements of GW signals over
wide ranges of frequency. These telescopes will enable
us to detect large numbers of GW sources with accurate
wave forms.
One of the important aspects of GW measurements is
that from the observed wave form we can measure the
amplitudes both at observer and source frames. Thus,
∗ ken.osato@utap.phys.s.u-tokyo.ac.jp
we can infer the luminosity distance of the source (stan-
dard sirens). If the redshift of the GW source is known,
we can investigate the geometry of the Universe through
the distance-redshift relation (see, e.g., Ref. [16]). How-
ever, solely with GW observations, inferring the redshift
of the source is quite demanding. One of methods to es-
timate the source redshift is to observe electro-magnetic
(EM) counterpart of the GW event. For the NS binary
event GW170817, the EM counterpart has been detected
with optical imaging observation [17–19], but detecting
a counterpart is still challenging due to the short time
scale of GW events and large uncertainty of localization
with current interferometers. On the other hand, with-
out redshift information, the anisotropic distribution of
GW sources can be used as cosmological probe [20]. Sim-
ilarly to the number density distribution of galaxies, we
can naively expect that the number density of compact
object binaries should reflect the large scale matter den-
sity distribution. Accordingly, statistics of GW source
distribution such as two-point correlation functions can
be used to probe into cosmology.
Though the GW source distribution itself is useful for
cosmology, when combining another observable which
redshift information is accessible, we can investigate the
distance-redshift relation indirectly. One of such candi-
dates is the spatial distribution of spectroscopically ob-
served galaxies [21], since the redshift of such galaxies
are precisely determined. However, there is a drawback
of using the spectroscopic galaxy samples. In order to
obtain cosmological information, we need to introduce a
galaxy bias which relates the galaxy number density dis-
tribution with matter fluctuation. Practically, the bias
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2is treated as a free parameter and marginalized finally.
This degrades the constraints on cosmological parame-
ters. For better parameter determination, we need an-
other cosmological probe, in which redshift information
is available and robust to systematics. In this work, we
focus on weak gravitational lensing (WL). One of ad-
vantages is that WL is an unbiased tracer of density
fluctuation, which does not necessitate a bias parame-
ter. However, since the observables of WL is a projected
quantity, information of matter distributions at different
redshifts are entangled. We can evade this problem with
technique known as tomography [22]. The whole source
galaxy samples can be divided according to photometric
redshifts of source galaxies. Then, one can construct ob-
servables of WL using galaxies in each redshift bin, and
measure auto- and cross-correlations of observables. As
a result, we can efficiently obtain information of matter
distribution at various redshifts.
Recently, various works are devoted to probing the
distance-redshift relation utilizing standard sirens, e.g.,
auto-correlation of GW source distribution [20] and cross-
correlation between standard sirens and galaxy distribu-
tions [21]. In this paper, we address the cross-correlation
between tomographic weak lensing and GW source distri-
butions. Similarly to the measurement of galaxy cluster-
ing, forthcoming weak lensing surveys cover large areas.
Therefore, combining these measurements has a possi-
bility to place a very tight constraint on cosmological
models.
This paper is organized as follows. First, we give for-
mulation of auto- and cross-correlations of tomographic
weak gravitational lensing and source distribution of GW
signals. Then, we forecast how cosmological parame-
ters can be constrained with upcoming GW and weak
lensing measurements. We adopt flat Λ cold dark mat-
ter model, and cosmological parameters; Hubble param-
eter H0 = 100h km s
−1 Mpc−1 = 67.27 km s−1 Mpc−1,
the present day density parameters of cold dark mat-
ter and baryon Ωch
2 = 0.1198, Ωbh
2 = 0.2225, the tilt
and the amplitude of the scalar perturbation ns = 0.9645,
As = 2.2065×10−9, at the pivot scale kpiv = 0.05 Mpc−1,
and the total mass of neutrinos Mν = 0.06 eV based on
the measurements of the anistropy of temperature and
polarization of cosmic microwave background (TT, TE,
EE+lowP) by the Planck mission [23]. There are derived
parameters which will be used later; the total matter
density parameter Ωm = Ωc + Ωb = 0.3153, and the am-
plitude of matter fluctuation at the scale of 8h−1 Mpc,
σ8 = 0.831. We assume that the neutrino component
consists of two massless and one massive neutrinos.
II. FORMULATION
In this section, we formulate how one can compute the
auto- and cross-correlations of the GW source number
density and WL convergence field.
A. Gravitational wave sources
In the measurements of merging binaries of compact
objects, the luminosity distances can be obtained from
the wave form. However, the estimated luminosity dis-
tance can deviate from the true value due to several un-
certainties, e.g., degeneracy with other parameters such
as the mass of the compact objects or the inclination
angle, and statistical fluctuation. We assume that the
inferred luminosity distance Dˆ follows the log-normal dis-
tribution where the mean is the true one D,
p(Dˆ|D) = 1√
2piσlnDDˆ
exp[−x2(Dˆ,D)], (1)
where
x(Dˆ,D) ≡ ln Dˆ − lnD√
2σlnD
, (2)
and we adopt σlnD = 0.05. In addition, the estimate of
the luminosity distance is subject to weak gravitational
lensing by intervening matter in the Universe. Since the
object looks brighter due to the magnification effect, the
luminosity distance becomes smaller compared with the
case of no lensing. This effect can be expressed as,
D = D¯(z)µ−
1
2 (θ, z) ' D¯(z)[1− κ(θ, z)], (3)
where D¯ is the luminosity distance computed in the flat
Friedmann-Lemaˆıtre-Robertson-Walker metric. In the
weak field limit, the magnification µ is approximated as
1+2κ, where κ is the convergence field. The convergence
corresponds to the projected matter density contrast δm
convolved with distance kernel,
κ(θ, χ) =
3H20 Ωm
2c2
∫ χ
0
dχ′
χ′(χ− χ′)
χ
δm(χ
′θ, χ′)
a(χ′)
≡
∫ χ
0
dχ′Wκ(χ;χ′)δm(χ′θ, χ′), (4)
where χ is comoving distance from the observer and a
is the scale factor. Hereafter, we adopt the comoving
distance as the indicator of the cosmic time instead of
the redshift. However, we can convert each other by the
relation,
χ(z) =
∫ z
0
cdz′
H(z′)
. (5)
Then, let us consider the number density field of GW
sources. We divide the whole sources according to the ob-
served luminosity distance. For ith bin we select sources
with Di,min < Dˆ < Di,max. The number density field is
obtained by projecting sources as
nwi (θ) =
∫ χH
0
dχχ2Gi(χ)nGW(χθ, χ), (6)
3where χH is the comoving distance to the horizon,
Gi(χ,θ) is the selection function,
Gi(χ,θ) ≡ 1
2
[erfc{x(Di,min, D(χ,θ)}
−erfc{x(Di,max, D(χ,θ)}], (7)
and nGW is the three-dimensional number density of GW
sources. Since the modulation effect on the luminosity
distance due to lensing is relatively small, one can Taylor
expand the selection function as
Gi(χ,θ) ' Gi|D=D¯ +
dGi
dD
∣∣∣∣
D=D¯
(D − D¯)
=
1
2
[erfc{x(Di,min, D¯(χ)} − erfc{x(Di,max, D¯(χ)}]
+κ(χθ, χ)
1√
2piσln D
{− exp[−x2(Di,min, D¯(χ))]
+ exp[−x2(Di,max), D¯(χ)]}
≡ Si(χ) + κ(χθ, χ)Ti(χ). (8)
The averaged number density is expressed as
n¯wi =
∫ χH
0
dχχ2Si(χ)n¯GW(χ)
=
∫ χH
0
dχχ2Si(χ)Tobsa(χ)n˙GW(χ), (9)
where Tobs is the duration of the observation and n˙GW(χ)
is the rate density of detectable merger events. Since the
convergence vanishes when averaged in angular space,
only the first term in Eq. (8) remains.
We can construct the two-dimensional number density
contrast of GW sources as
δwi (θ) ≡
nwi (θ)− n¯wi
n¯wi
=
1
n¯wi
∫ χH
0
dχχ2Si(χ)n¯GW(χ)δGW(χθ, χ)
+
1
n¯wi
∫ χH
0
dχχ2Ti(χ)n¯GW(χ)κ(χθ, χ). (10)
We can rewrite the second term and define a kernel as,
1
n¯wi
∫ χH
0
dχχ2Ti(χ)n¯GW(χ)κ(χθ, χ) =
1
n¯wi
∫ χH
0
dχ
∫ χ
0
dχ′ χ2Ti(χ)n¯GW(χ)Wκ(χ;χ′)δm(χ′θ, χ′)
=
∫ χH
0
dχ′
(
1
n¯wi
∫ χH
χ′
dχχ2Ti(χ)n¯GW(χ)W
κ(χ;χ′)
)
δm(χ
′θ, χ′) ≡
∫ χH
0
dχ′W ti (χ
′)δm(χ′θ, χ′). (11)
Similarly, we also define the kernel in the first term,
1
n¯wi
∫ χH
0
dχχ2Si(χ)n¯GW(χ)δGW(χθ, χ)
=
∫ χH
0
dχ
(
1
n¯wi
χ2Si(χ)n¯GW(χ)bGW
)
δm(χθ, χ)
≡
∫ χH
0
dχW si (χ)δm(χθ, χ). (12)
Here we assume the linear bias relation δGW = bGWδm
and the bias is absorbed in the kernel W si .
B. Tomographic weak lensing
WL has now been measured by optical surveys and
enables one to constrain cosmological models (for com-
prehensive reviews, see Refs. [24, 25]). It gives rich infor-
mation about the large-scale structures in the Universe.
WL is characterized by convergence κ and shears γ1 and
γ2. It is possible to transform the convergence into shears
and vice versa. In this paper, we focus only on the con-
vergence field. As is shown in Eq. (4), the convergence
can be described as the projection of the matter den-
sity field, but in real surveys, the redshift distribution of
source galaxies has a broad shape. Then, the observable
is the one convolved with the source distribution,
κGi (θ) =
∫ χH
0
dχ pi(χ)κ(θ, χ)
=
∫ χH
0
dχWGi (χ)δm(χθ, χ), (13)
where pi(χ) is the comoving distance distribution of
source galaxies, and the kernel is given as
WGi (χ) ≡
∫ χH
χ
dχ′ pi(χ′)Wκ(χ′;χ)
=
3H20 Ωm
2c2
∫ χH
χ
dχ′
pi(χ
′)
a(χ)
χ(χ′ − χ)
χ′
. (14)
This distribution is normalized as unity, i.e.,∫ χH
0
dχ pi(χ) = 1. (15)
The subscript i represents the label of the source sam-
ples. According to the photometric redshifts of the source
galaxies, we can divide the whole sample with different
redshift distributions. Thus, we can probe the evolution
of structures. This technique is called as lensing tomog-
raphy [22].
In addition to weak lensing effect, the shape of the
galaxy is subject to the local tidal field. Since this tidal
4field is correlated with the large-scale structure as well,
it modulates the observed convergence field. This effect
is referred to as intrinsic alignment (IA) (for reviews,
see Refs. [26, 27]). We quantify this effect based on
nonlinear-linear alignment model [28–30],
κIi(θ) =
∫ χH
0
dχ pi(χ)
(
−AIAC1ρcr Ωm
D+(χ)
)
δm(χθ, χ)
≡
∫ χH
0
dχW Ii (χ)δm(χθ, χ), (16)
where ρcr is the critical density, D+(χ) is the linear
growth factor which is normalized to unity at present,
AIA is a free parameter which determines the amplitude
and C1 = 5×10−14 h−2 M−1 Mpc3. This model has been
to applied to real data (see, e.g., Ref. [31]), and the de-
pendence of the amplitude on redshift and source lumi-
nosity is shown to be very weak [32]. As a result, the
convergence field is observed as the sum of two contribu-
tions,
κi = κ
G
i + κ
I
i. (17)
C. Auto- and cross-power spectra
Here, we construct power spectra of the GW source
number density and WL. The angular power spectra are
defined as,
〈X`mY ∗`′m′〉 ≡ δ``′δmm′CXY (`), (18)
where X`m and Y`m are the coefficient of spherical har-
monic expansion of either δwi or κi, and the parenthe-
sis denotes ensemble average. The auto-spectra of GW
source number density Cwiwj and convergence Clilj and
their cross-spectra Cwilj are given as
Cwiwj (`) = Csisj + Csitj + Ctisj + Ctitj , (19)
Clilj (`) = CGiGj + CIiIj + CGiIj + CIiGj , (20)
Cwilj (`) = CsiGj + CsiIj + CtiGj + CtiIj . (21)
With the Limber’s approximation [33, 34], we can com-
pute the spectra as
CXiYj (`) =
∫ χH
0
dχ
WXi (χ)W
Y
j (χ)
χ2
Pm
(
k =
`+ 1/2
χ
, χ
)
,
(22)
where X,Y = {s, t,G, I}, kernels WXi are defined in
Eqs. (11), (12), (14), and (16), and Pm(k, χ) is the matter
power spectrum. We use linear Boltzmann code CAMB [35]
to generate transfer function for total matter component.
For our interested scales, the nonlinear evolution of the
matter fluctuation is important. Hence, we employ the
HALOFIT scheme [36] to compute nonlinear matter power
spectra adopting parameters in Ref. [37].
D. Covariance matrix
For simplicity, we adopt the Gaussian covariance ma-
trix,
Cov[CUV(`), CXY(`
′)] =
4pi
Ωs
δ``′
(2`+ 1)∆`
×[CˆUX(`)CˆVY(`) + CˆUY(`)CˆVX(`)], (23)
where Ωs is the area of the survey region, ∆` is the
width of the multipole bins and the subscripts U, V, X,
and Y denote types of observables and redshift bins, i.e.,
wi (i = 1, . . . , Nw) and li (i = 1, . . . , Nl). The shot noise
in GW source number density and shape noise in WL are
included as
CˆXY = CXY + δXYNX, (24)
where δXY is the Kronecker delta which takes unity only
when the types of observables and the bins of redshifts
are the same and otherwise zero, and
Nwi =
1
n¯wi
, Nli =
σ2γ
n¯li
, (25)
where σγ is the intrinsic variance of galaxy shape and n¯
l
i
and n¯wi is the number density per steradian in the ith bin
for weak lensing source galaxies and GW sources (Eq. 9),
respectively.
III. RESULTS
A. Surveys
Here, we characterize surveys for measurements of
auto- and cross-spectra of GW source distributions and
weak lensing.
First, we specify survey parameters for GW observa-
tion with Einstein Telescope. Based on the first observ-
ing run and first detection of the binary NS event by
Advanced LIGO, the inferred binary BH merger rate
density is 9–240 Gpc−3 yr−1 [2] and binary NS merger
rate density is 320–4740 Gpc−3 yr−1 [7]. The merger rate
density has a possibility to evolve with time [38]. For
simplicity we assume the event rate density is n˙GW =
5× 10−6 h3 Mpc3 yr−1 regardless of redshifts and the du-
ration of observation is Tobs = 1 yr. This event rate
roughly corresponds to the optimistic estimate of binary
NS event which can be detected by Advanced LIGO. Ac-
cordingly, this detection rate is feasible for Einstein Tele-
scope, which has much better sensitivity than Advanced
LIGO. For bias parameter, we parametrize it based on
Refs. [39, 40], as
bGW(z) = bw1 +
bw2
D+(z)
, (26)
where bw1 and bw2 are free parameters and marginal-
ized in the analysis. For binning of luminosity distances,
5TABLE I. Redshift binning.
Bin GW source distribution Weak lensing
1 0.3 < z < 0.7 0.10 < z < 0.52
2 0.7 < z < 1.1 0.52 < z < 0.72
3 1.1 < z < 1.5 0.72 < z < 0.90
4 1.5 < z < 1.9 0.90 < z < 1.11
5 1.9 < z < 2.3 1.11 < z < 1.39
6 2.3 < z < 2.7 1.39 < z < 2.50
equivalently redshifts, we adopt the number of bins as
Nw = 6 and equally spaced bins with respect to redshifts
in the range of 0.3 < z < 2.7.
Next, let us consider weak lensing surveys. The
survey area of weak lensing with Euclid is taken as
Ωs = 15000 deg
2 and intrinsic variance of galaxy shape is
σγ = 0.22 [41]. Since the resolution of localization of GW
sources is order of 10 deg2 [42] and the current ground-
based surveys span ∼ 100–1000 deg2, the scales available
for cross-correlations are quite limited when WL mea-
surements with ground-based surveys are employed. On
the other hand, the Euclid survey, which covers much
larger areas, has advantage in wide dynamic range of
angular scales for cross-correlation measurements. The
functional form of the source number density is given as
n(z) ∝
(
z
z0
)2
exp
[
−
(
z
z0
)1.5]
, (27)
where z0 = 0.64, which roughly corresponds to the mean
redshift zmean = 0.9 [41]. This distribution is normalized
as ∫ zmax
zmin
n(z)dz = n0, (28)
where n0 = 30 arcmin
−2 is the total source density, and
the minimum (maximum) redshift is set as zmin = 0.1
(zmax = 2.5) [41]. Since Euclid provides accurate pho-
tometric redshift, we ignore the scatters of photometric
redshifts. Then, the number density in the ith lensing
bin is given as,
pi(z) ∝
{
n(z) (zi,min < z < zi,max)
0 (otherwise).
(29)
Note that pi(z) should be normalized as in Eq. (15) and
pi(z)dz = pi(χ)dχ. Here, we consider six lensing bins
(Nl = 6). We determine the bin configuration so that in
each bin the number density of source galaxies becomes
the same. Figure 1 and Table I show the binnings of GW
source distribution and weak lensing.
Finally, let us define the binning of multipoles for auto-
and cross-spectra. We fix the minimum multipole as
`min = 10 and consider two different cases for maximum
multipoles, `max = 100, 300. With the interferometer
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FIG. 1. Configuration of redshift bins for weak lensing and
GW source distributions. The colored (gray) regions corre-
spond to the bins for weak lensing (GW source distribution).
network of Advanced LIGO, Virgo, KAGRA, and LIGO-
India, the median of localization at 95% confidence level
is 9–12 deg2 [42], which corresponds to the multipole of
∼ 100. Thus, in the era of Einstein Telescope, even max-
imum multipole of `max = 300 is expected to be possi-
ble. The bins are logarithmically equally spaced and the
number of bins is 30. We summarize parameters which
characterize the surveys in Table II.
B. Spectra with fiducial parameters
In Figures 2, 3, and 4, auto- and cross-power spec-
tra are shown. We compute these spectra with fidu-
cial parameters listed in Table II. For weak lensing, we
can cross-correlate Nl(Nl + 1)/2 = 21 pairs of lensing
bins and all of them have appreciable signals. Though
we can take cross-correlation for Nw(Nw + 1)/2 = 21
pairs for GW source distributions, correlation between
different bins is suppressed because the deviation of lu-
minosity distance from true one is assumed to be small in
Eq. (2). Therefore auto-correlations contain most of in-
formation for GW source distributions. For cross-spectra
between GW source distribution and weak lensing, there
are Nl ×Nw = 36 spectra. In total there are 78 spectra
used in the analysis. In Figure 3, we show spectra where
the redshift ranges of two bins are overlapped. In this
case, the contribution due to IA is appreciable because
the support of IA kernel is confined contrast to wide sup-
port of lensing kernel. When GW source distribution bin
is located farther than lensing bin, the resultant spectrum
is close to zero.
6TABLE II. Summary of parameters
Fixed parameters
Symbol Value Explanation Reference
σlnD 0.05 Standard deviation of the luminosity distance distribution. Eq. (2)
Tobs 1 yr Duration of GW observation. Eq. (9)
n˙GW 5× 10−6 h3 Mpc−3 yr−1 Mean number density of GW events per unit time. Eq. (9)
Ωs 15000 deg
2 Area of the survey region. Eq. (23)
z0 0.64 Redshift parameter of lensing source distribution. Eq. (27)
n0 30 arcmin
−2 Lensing source number density. Eq. (28)
σγ 0.22 Intrinsic variance of shapes of source galaxies. Eq. (25)
C1 5 × 10−14 h−2 M−1 Mpc3 Normalization of intrinsic alignment. Eq. (16)
Varied parameters
Symbol Fiducial value Explanation Reference
bw1, bw2 1, 1 Bias parameters for GW source number density distribution. Eq. (26)
AIA 1 Amplitude of intrinsic alignment. Eq. (16)
Ωm 0.3153 Matter density at the present Universe normalized by critical density.
h 0.6727 Hubble parameter in the unit of 100 km/s/Mpc.
wde −1 Equation of state parameter of dark energy.
σ8 0.831 The amplitude of matter fluctuation at the scale of 8h
−1 Mpc.
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FIG. 2. The auto-power spectra of GW source distributions. The numbers in parenthesis denote the bins.
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FIG. 3. The cross-power spectra of GW source distributions and tomographic weak lensing. The numbers in parenthesis denote
the bins. Note that cross-correlations with IA term is always negative. Since the total spectra can be positive or negative, we
show the absolute values for the spectra.
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FIG. 4. The auto-power spectra of tomographic weak lensing. The numbers in parenthesis denote the bins. Note that
cross-correlations between lensing and IA are always negative.
C. Fisher forecast
In this Section, we present forecast of parameter con-
straints based on Fisher matrix approach [43]. Since we
assume that the covariance matrix does not depend on
parameters and there are no correlations between differ-
ent multipoles, the Fisher matrix can be simplified as
Fαβ =
∑
`
∑
U,V,X,Y
∂CUV(`)
∂pα
Cov[CUV(`), CXY(`)]
−1 ∂CXY(`)
∂pβ
,
(30)
where pα denotes a cosmological or nuisance parameter.
The marginalized error for the parameter pα is given as
σ(pα) =
√
(F−1)αα. (31)
We consider the parameter space of
(h,Ωm, wde, σ8, bw1, bw2, AIA), where the first four
parameters are our interested cosmological parameters
and the latter three are nuisance parameters. When
varying matter density Ωm, we fix baryon density Ωb
and vary only cold dark matter density Ωc. For nuisance
parameters, we always marginalize them in this analysis.
We show marginalized errors for cosmological parameters
in Table III and projected 68% level confidence regions
9TABLE III. Marginalized errors from Fisher matrix.
Maximum multipole σ(h) σ(Ωm) σ(wde) σ(σ8)
`max = 100 0.0084 0.031 0.17 0.055
`max = 300 0.0033 0.014 0.086 0.021
with auto- and cross-spectra between GW distributions
and weak lensing for two different cases of maximum
multipoles `max = 100, 300 in Figure 5. The results
show one can place a tight constraint on cosmological
parameters with three different types of spectra. Es-
pecially, in addition to the dark energy parameter wde,
we can constrain the amplitude of matter fluctuation
σ8, which is degenerate with galaxy bias when galaxy
clustering measurement is used.
Recently, it has been reported that there is a tension
between estimates of Hubble parameter H0 from type
Ia supernovae (SNe Ia) observations and CMB measure-
ments. SNe Ia observations measure the distance-redshift
relation in the nearby (z < 1) Universe. On the other
hand, measurements of CMB probe into the distance
scale in distant (z > 1000) Universe with acoustic pat-
terns in angular power spectrum. Therefore, the ten-
sion may imply deviation from the standard cosmolog-
ical model. In order to confirm existence of the ten-
sion, precise measurement of Hubble parameter is crit-
ical. The current estimates of Hubble parameter are
H0 = 67.27 ± 0.66 km s−1 Mpc−1 for CMB measure-
ments of the Planck mission (TT,TE,EE+lowP) [23] and
H0 = 73.24 ± 1.74 km s−1 Mpc−1 for SNe Ia observa-
tions [44]. Our forecasted precision of Hubble param-
eter is σ(H0) = 0.33 km s
−1 Mpc−1 with `max = 300.
As a result, with the auto- and cross-correlations of
GW source distributions and WL, the above discrepancy
can be distinguished at 18-σ significance level. Further-
more, these correlations will provide independent esti-
mates from large-scale structures at intermediate red-
shifts (z ∼ 1–2). Thus, the correlations can be a promis-
ing and powerful probe into the distance-redshift relation
in the coming era.
IV. CONCLUSIONS
The discovery of GW signals from BH binary merger
by Advanced LIGO has opened a new window into astro-
physics and cosmology. From the observed wave forms,
we can infer the absolute luminosity of GW and then
measure the luminosity distance of the sources. If the
redshifts of the sources are available, we can probe into
the geometry of the Universe via the distance-redshift re-
lation. Although it has already been reported that the
source redshift is identified from the EM counterpart for
the NS binary merger event GW170817, measuring the
source redshift is still challenging especially for BH bi-
nary merger. However, without redshift information, we
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FIG. 5. Projected confidence regions at 68% level of cosmolog-
ical parameters (h,Ωm, wde, σ8) from the Fisher matrix. The
red dashed (blue solid) line corresponds to the result with the
maxmimum multipole `max = 100 (`max = 300). The black
dashed lines show fiducial values.
can explore the distance-redshift relation by combining
another observable which redshift information is accessi-
ble.
In this work, we focus on cross-correlating weak grav-
itational lensing with the number density distributions
of GW sources. WL is an unbiased tracer of matter
distribution in the Universe and one of main observa-
tional targets for upcoming imaging surveys. We employ
tomographic technique, where the whole source galaxy
samples are divided according to their photometric red-
shifts. Thus we can efficiently extract information of the
large-scale structures in different redshifts. We show that
auto- and cross-correlations of GW source distributions
and WL enable us to obtain tight constraints on cos-
mological parameters based on Fisher matrix approach
in the case with Euclid for WL and Einstein Telescope
for GW source distributions. One of advantages of using
WL over galaxy clustering is that galaxy bias is not neces-
sary and we can constrain the amplitude of matter power
spectrum, which is degenerate with galaxy bias. Thus we
can place a tight constraint without being degraded by
nuisance parameters like galaxy bias. Furthermore, the
tight constraint on Hubble parameter has a possibility
to reconcile the tension between SNe Ia observations and
CMB measurements.
Finally, we would like to discuss future prospects for
standard sirens. Recently, several works present predic-
tions of angular power spectrum of GW energy distribu-
tion [45, 46]. Though auto-spectra of GW energy dis-
tribution contain information about cosmology and as-
trophysics, by combining with other observables such as
10
WL, we can obtain more information and evade system-
atic effects like intrinsic alignments. Another topic which
should be addressed is three dimensional correlations of
GW source distributions. In this work, we focused only
on projected quantities. Since projection mixes Fourier
modes of small and large scales, we can efficiently obtain
independent information from three dimensional corre-
lations. There is a possibility that three dimensional
clustering of GW sources and cross-correlation between
GW source distributions and other observables, e.g., the
spatial distribution of spectroscopically detected galax-
ies, can enable us to probe into the geometry of the Uni-
verse. We leave it for future work.
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